Equilibrium constants have been determined for the formation of 15 different zirconocene monomethyl monochloro complexes from the respective dichloride complexes and AI 2 (CH 3 )6' The results indicate that the tendency of a particular zirconocene complex to exchange a chloride against a methyl ligand is a measure for the electron deficiency at its Zr center. The results indicate particularly low electron densities for complexes with indenyl instead of cyclopentadienylligands, especially for those containing a dimethylsilyl bridge. Only one methyl group is transferred to a zirconocene dichloride even by a large excess of AI 2 (CH 3 )6' while the uptake of two alkyl groups, followed by alkane evolution, is observed with triethyl and triisobutyl aluminum.
Introduction
Homogeneous catalyst systems based on chiral rhodium phosphine complexes are very well understood today, thanks to the paradigmatic work of Halpern and his associates [ 1, 2] . Our understanding of zirconocene-based catalysts, e.g. for the polymerization of a-olefins, is however still rather fragmentary, even though some insights have recently been gained regarding the modes of interaction of zirconocene complexes with various boron-or aluminum-containing activators [3] [4] [5] [6] as well as the origins and limitations of stereoselective polymer-chain growth in these catalyst systems [7, 8] .
In order to clarify which preequilibria contribute to the activation of zirconocene complexes by alkyl-aluminum compounds, we have studied alkyl exchange reactions between aluminum trialkyls and various zirconocene dichloride complexes in hydrocarbon solutions. Of particular interest in this regard are methyl exchange reactions with trimethyl aluminum, which is an ubiquitous ingredient in the frequently employed me thy lalumoxane activator systems [9, 10] . A further study of this methyl exchange reaction for a series of different zirconocene complexes, should help us to understand the effects of changing ligand environments on the electron density at the Zr center, which is generally thought to be a relevant factor in zirconocene-based catalyst systems [11, 12] . Electronic ligand effects are frequently difficult to separate from the associated steric effects [13] [14] [15] . In the exchange of CI against CH 3 , steric effects play only a minor role; thus ligand effects on its thermodynamics can be assumed to be essentially of electronic origin.
Experimental
Preparation of zirconocene dichloride complexes: (C5H5) 2-ZrCl 2 [16] , (C s H4Me)zZrCI 2 [17] , (l,3-CsH3MeZ)zZrCh and (1,2,3-CsH2Me3)2ZrCI2 [18, 19] , (C5HMe4)zZrCI2 [20] [32] . Trimethyl aluminum was purchased from Aldrich as a 2 M toluene solution. AICl 3 was purchased from Merck and purified by sublimation in an HCI stream. Solutions of AI2(CH3)4C1z and AI 2 (CH:;)sCI were prepared by mixing Al 2 Cl 6 and AI 2 (CH 3 )6 in ratios of 1:2 and 1:4, respectively, in C 6 D 6 . All materials were kept and handled in a glovebox under nitrogen. NMR tubes and other glassware were dried by heat-ing under vacuum. C6D6 was dried and distilled over potassium metal, degassed, condensed onto a 4 A molecular sieve and then stored in a glovebox. For the preparation of the NMR samples, 10 mM stock solutions of the zirconocenes (5 mM for the bis-indenyl complexes), of AI 2 (CH 3 )6 (40 mM), AI2(CH3)4Cl2 (40mM) andAI2(CH3)5CI (200mM) were used. To determine the equilibrium constants, samples with initial AI2(CH3)6:zirconocene ratios of 1:1, 2:1,3:1, 4: 1,5:1,7.5:1 and 15:1 were prepared with total zirconocene concentrations ranging from 2 mM to 8 mM (4 mM for the bisindenyl complexes). In the experiments with an excess of A1 2 (CH 3 )6 and AI 2 (CH 2 )sCI, zirconocene concentrations varied from 2.5 to 5 mM. I H NMR spectra of the solutions thus prepared were measured on a Bruker WM 250 spectrometer. Concentration ratios Q were determined by evaluating the integral values of the zirconocene dichloride and monomethyl monochloride species. When AI 2 (CH 3 )6 and (C s H 5 )zZrCl z are mIxed in a 1:1 ratio, almost equal concentrations of (C 5 H 5 )zZr(CH 3 )CI and (C S H 5 hZrCI 2 are present in equilibrium. The formation of (C S H 5 hZr(CH 3 )CI approaches completion when A1 2 ( CH 3 )6 is present in about a 20-fold excess (Fig. 1) . Even at the highest AI 2 (CH 3 )6 concentrations studied, no signals assignable to the dimethyl complex (C5H5)2Zr(CH3)2 are apparent. With regard to the zirconocene species involved, an uncomplicated exchange of a single methyl group appears to occur in equilibrium with AI 2 (CH 3 )6'
Results and discussion
The aluminum chloride species which must arise in this exchange, prima facie e.g., AI2(CH3)4CI2, does not give rise to a separate IH NMR signal, presumably because of its association and/or rapid methyl exchange with AIz(CH3k As aluminum alkyls are known to associate via CI bridges rather than via alkyl bridges [33) , we can assume that the dominant species arising in these equilibrium systems in the presence of excess AI 2 (CH 3 )6, is AI2(CH3)5C1, i.e., a complex of AI(CH 3 )zCI with AI(CH3h The methyl exchange equilibrium should then be formulated as in Eq. (1):
This basic equilibrium will undoubtedly be superimposed by a partial association of each of the zirconocene species, Unfortunately, it is difficult to quantify to which degree the equilibrium in Eq. (I) is perturbed by these partial associations. In the worst case, Eq. (1) could be superseded by an essentially complete complex formation between the reaction products, i.e. between the stronger Lewis acid Al(CH 3 )zCI [37] and the presumably stronger Lewis base (CsHs)zZr(CH3)CI, while the initial species (CsHs)zZrCI2 and AI 2 (CH)6 would remain uncomplexed (Eq. (2». This would manifest itself, however, by sizeable changes of the signal ratios of (CsHs)zZrClz and (C s H s )zZr(CH 3 )CI at any given AI:Zr ratio with total Zr concentrations, for which we cannot find any evidence.
2(CsHs
If the initial and final species were both totally comp!exed, on the other hand, it is not apparent how the resulting Eq. (3) could explain the observed changes in the ratio of (CsHs)zZr(CH)CI and (CsHs)zZrCI2 signals with excess
In the absence of sufficiently detailed information about these association equilibria and of any reasonable simplifications, we decided to resort to Eq. (1) the Kobs values derived from the experiments described above indicates that an increasing excess of Lewis-acidic aluminum species appears to favor, to a moderate degree, the formation of the stronger Lewis base (CsHs hZr (CHI) Cl. Nevertheless, we have used the basic Eq. (1) for an extension of these measurements to a series of zirconocene complexes with differently substituted and/or bridged ligand frameworks. In each case, the corresponding methyl complexes were prepared by reaction of the dichloride with one equivalent of (CH 3 )MgCI, to allow an unambiguous assignment of the species arising in the equilibrium mixtures. Addition of AI 2 (CH 3 )6 always leads to a rapid, partial formation of the monomethyl complex only, which increases with increasing initial concentration ratio J.
Except for the case of the dimethylamino-substituted complex Me2Si(2NMez-indenyl)zZrCI2, where several days are required to reach equilibrium, methyl exchange with AI 2 (CH 3 )6 is found again to be complete within a few minutes in all other instances. The values of Kobs obtained in this zirconocene series vary substantially (Table 1) In order to compare a few related alkyl exchange reactions, we also briefly studied also reactions of (CsHs hZrCI 2 with triethyl or with tri-isobutyl aluminum (AlEt) or AI iBu). In a 1:1 mixture of (CsHs)zZrCI2 and AIEt) in C6D6 solution, we observed only the monoethyl complex (CSHS)2Zr-(CH 2 CH 3 )CI. Analysis in analogy to Eq. (1) yields an equilibrium constant Kobs::::: 5. An ethyl group is thus transferred to the zirconocene about ten times more efficiently by AIEt) than a methyl group is by AI 2 (CH 3 )6. The less favorable stabilization of AIEt) by ethyl rather than methyl bridges, and the associated increased energy gain by formation of a CIbridged product AI2Et s CI probably contribute to this observation. At higher AI:Zr ratios of 2: 1 and 4: 1, the lH NMR spectra of the reaction mixtures indicate the evolution of Table I Equilibrium constants K ob , for transfer of a methyl group from A1 2 ( CH,) 6 ethane and the formation of an additional zirconocene species, presumably the ethene complex (CSHS)2Zr(C2H4) [38] . With Al iBu3' uptake of two alkyl groups and formation of a decomposition product are observed, together with some monoalkyl complex, already at an AI:Zr ratio of I: I. In these systems, the occurrence of irreversible reactions precludes the determination of any equilibrium constants.
Conclusions
Alkyl exchange equilibria between aluminum alkyls and zirconocene complexes are clearly quite sensitive to the structure of either reactant [39, 40] . In general, steric and electronic contributions will affect the position of such an exchange equilibrium. For the methyl transfer from AI 2 (CH 3 )6 to the zirconocene dichloride complexes studied here, steric ligand effects on the values of K ob , given in Table 1 can be assessed from the relative steric demands of CI and CH 3 ligands bound to a (CsHshZr unit. From the crystal structures of (CsHshZrC12 [41] and (CSHS)2Zr-(CH 3) 2 [42] (Fig. 2) , it is apparent that the CsHs rings are in close repulsive contact with each other, and with the CI and CH3ligands in both complexes. The relative spatial requirements of these ligands will thus be manifested by the 'openness' of the (CsHshZr wedge. Coordination gap apertures [43] of 96 and 94°, measured for (CsHs)2ZrCI2 and (CsHshZr(CH3h respectively (Fig. 2) , indicate thataCH 3 ligand has a slightly smaller effective size than a Clligand. However, compared to changes in coordination gap apertures of other zirconocene complexes [ 43] , the difference between 96 and 94° is rather minute. We can thus assume that steric contributions to the ligand effects considered here are of minor significance and that these ligand effects are primarily of electronic origin.
A synopsis of free enthalpy changes,.:l G ~bs =, -RT In K obs ' associated with methyl transfer from AI 2 (CH 3 )6 to different zirconocene complexes according to Eq. (I) (Fig. 3) reveals an increase of .:lG~bs with increasing numbers of alkyl or silyl substituents at the Cs-ring ligands, which are known, from electron microscopy for chemical analysis (ESCA) data of substituted zirconocenes [ 44,45: 1, to increase the electron density at the Zr center. Decreased electron density at the Zr center of a zirconocene dichloride complex thus appears to favor uptake of a methyl group. This notion is in line with the general rule that the more electronegative metal is the favored alkyl recipient in halide/ alkyl exchange between two metal centers [46, 47] . Related electronic ligand effects have been oriefly noted also for reactions of AIMe 3 with some titanocene dichloride complexes [48] . Our data indicate that for substituted zirconocene complexes, changes in the methyl exchange equilibrium constant K ob , measure, in essence, the electron density at the Zr center, induced by different ligand structures. Some deviations of the data in Fig. 3 from the expected electron density trends might be explained by steric effects. Indeed, upon introduction of up to three methyl substituents at each C s ring, Ll G~bs values increase in the expected manner, by increments of -3-5 kJ mol-1 for each methyl group. However, for the last three members in this series -(C S H2Me 3 hZrC1 2 , (C s HMe 4 ) 2ZrCl2 and (CsMes) 2ZrC12-we find LlG~bs values which are practically identical within limits of error. Apparently, the tightening of the zirconocene wedge, which manifests itself by a reduction of the coordination gap aperture to only 55° in (CsMes)2ZrCI2 [43] , favors the introduction of the slightly smaller ligand, CH 3 , to a degree sufficient to offset the disfavoring electronic effects of the additional methyl substituents. Additional (though presumably minor) contributions might also be due to different degrees of steric shielding of the Zr( CH 3 ) Cl fragment vis-avis a stabilizing association with excess aluminum Lewis acid, caused by different ligand structures.
At any rate, the data in Fig. 3 indicate relatively low electron densities for zirconocene complexes with bridged indenylligands. This assessment is in line with the general notion that indenylligands have a tendency to donate 7Telec-trons to the metal less efficiently than cyclopentadienyl ligands, as manifested by the increased tendency of indenyl ligands to slip toward Tf3 coordination [ 49] . Among the ringbridged representatives of this class of complexes, a dimethyl silanediyl bridge appears to induce a lower electron density than an ethanediyl bridge. This observation, which is not in line with electronegativity considerations, might be the cause of the stronger interference of the short Me2Si bridge with a placement of the indenylligands. This would allow for optimal overlap of their 7T orbitals with suitable metal acceptor orbitals.
It is tempting to speculate that this high electron deficiency of zirconocene complexes with Me2Si-bridged indenyl ligands might be associated with their exceptional activity as catalysts for the polymerization of a-olefins [50] . These catalyst systems must be activated by methylalumoxane (MAO) or other Lewis-acidic activators, however. A different type of ligand exchange -the replacement of a suitably sequestered alkyl anion for a neutral olefin ligand -thus appears to govern catalyst activities. To which degree such a pre-equilibrium follows similar trends as that represented by Eq. (1), and in which way, different (F and 7Tcontributions affect the affinity of a particular ligand for the Zr center of a given zirconocene complex, and, finally, which steric effects are superimposed to these electronic considerations in the case of large MAO-or borane-sequestered anions, remains to be investigated by similar studies on appropriate zirconocene model reactions.
